A Fourier transform digital holographic adaptive optics imaging system and its basic principles are proposed. The CCD is put at the exact Fourier transform plane of the pupil of the eye lens. The spherical curvature introduced by the optics except the eye lens itself is eliminated. The CCD is also at image plane of the target. The point-spread function of the system is directly recorded, making it easier to determine the correct guide-star hologram. Also, the light signal will be stronger at the CCD, especially for phaseaberration sensing. Numerical propagation is avoided. The sensor aperture has nothing to do with the resolution and the possibility of using low coherence or incoherent illumination is opened. The system becomes more efficient and flexible. Although it is intended for ophthalmic use, it also shows potential application in microscopy. The robustness and feasibility of this compact system are demonstrated by simulations and experiments using scattering objects.
Introduction
The concept of adaptive optics (AO) was first proposed by Babcock to address the distortion caused by the atmospheric turbulence in astronomy [1] . In 1977, Hardy et al. successfully demonstrated an AO system in astronomy [2] . Most of major groundbased telescopes are now equipped with AO [3, 4] . Like ground-based telescopes, the human eye also suffers from many monochromatic aberrations, due to the irregularity of the cornea and eye lens, which degrade the retinal image quality. To improve the quality of the retinal images, the Shack-Hartmann sensor was first incorporated into an AO system for vision science in 1997 by Liang et al. [5] . Retinal images with unprecedented resolution capable of resolving individual photoreceptors were obtained using the AO system. Since then the field of AO in vision science has been rapidly growing with more and more systems being developed [6] [7] [8] [9] [10] [11] . Recently, the AO system has also been applied in microscopy to reduce the aberrations induced by variations of refractive index through the sample [12] . Using the AO system, high-resolution in-depth microscopic images of some biological samples are achieved [13] .
A typical AO system includes several critical hardware pieces: a spatial light modulator or deformable mirror, a lenslet array, and a second CCD camera in addition to the camera for imaging. The recently proposed digital holographic adaptive optics (DHAO) system replaces these hardware components with numerical processing for wavefront measurement and compensation of aberration through the principles of digital holography [14] . The wavefront sensing and correction by DHAO have almost the full resolution of the CCD camera. It is inherently faster than conventional AO because it does not involve feedback and iteration, and the dynamic range of deformation measurement is essentially unlimited. DHAO may offer additional novel imaging capabilities such as wider field of view (FOV) of the retina, automatic focus over the entire FOV of a curved retinal surface, topography of the retinal surface, and three-dimensional imaging of intraocular debris distribution [15] [16] [17] [18] [19] [20] .
In the existing DHAO setup [14] , the imaging sensor is put at the conjugate plane of the eye pupil. From a guide-star hologram, we can obtain the phase aberration at pupil plane. The imaging lens other than the eye lens will introduce spherical curvature that has to be removed by additional matching lens in the reference beam. And, the correct guide-star hologram is difficult to obtain. Many trials have to be performed to get a correct measurement of the phase aberration. To get a focus image, a numerical lens is added and numerical propagation is performed. If the effective CCD aperture is smaller than the pupil, the resolution will be limited. Also, it becomes impossible to employ a low coherence or incoherent light source [21] [22] [23] [24] [25] , which may be methods of reducing the speckle noise if it becomes a real issue in the real retinal imaging. To address these limitations, the Fourier transform DHAO (FTDHAO) system is presented. The CCD is put at the exact FT plane of the eye pupil. There is no spherical curvature induced by the imaging lens, resulting in a more precise measurement of the phase aberration and a more compact system. The CCD can directly record the point-spread function (PSF) of the system, making it easier to determine the correct guide-star hologram. The CCD is also at the image plane of the target. The signal will be stronger than the existing system, especially for the phase-aberration sensing. Numerical propagation is not necessary. If the pixel is smaller than half of the diffraction-limited resolution, other parameters of the CCD have nothing to do with the resolution. So, the CCD's aperture will not affect the resolution anymore. With some modifications, low coherence or even an incoherent light source can be incorporated [21] [22] [23] [24] [25] . So, the system will be more flexible and applicable.
The principle of the proposed FTDHAO imaging system is different from that of the existing DHAO imaging system [14] . In the FTDHAO imaging system, the phase aberration at the eye pupil can be retrieved by the inverse FT of the guide-star hologram and the complex amplitude of full-field optical field at the eye pupil can be obtained by the inverse FT of the full-field hologram. The correction takes place at the eye pupil, instead of the CCD plane. Taking FT of the corrected field at the eye pupil, the corrected image can be obtained. Numerical propagation is not necessary. Simulations and experimental studies show the efficiency and robustness of this new DHAO system. The paper is organized as follows: the FTDHAO apparatus is presented and the principle of this new system is described in Section 2. In Section 3, simulations are given. The experimental results are given and discussed in Section 4. Finally, the conclusions are drawn.
FTDHAO Apparatus and Principle
The schematic of the FTDHAO setup is illustrated in Fig. 1 . The eye lens is simulated by the lens E of which the focal length f 1 equals 25 mm. R represents the retinal plane that is at the back focal plane of eye lens E. A represents the phase aberrator that is at the pupil of the eye lens. The distance between lens E and L2 and that between L2 and the CCD are equal to the focal length f 2 of L2, which is 200 mm in our simulations and experiments. According to [26] , the optical field at the CCD plane is the twodimensional Fourier transformation of the optical field at the eye pupil except a global prefactor. The relationship between the optical field Px 1 ; y 1 at the eye pupil and the field Ox 2 ; y 2 at the CCD plane is given by [26] 
where λ is the wavelength of the light source. Ignoring the prefactor, Eq. (1) can be rewritten as
where
By holographic process, the optical field Of x ; f y at the CCD plane can be retrieved [16] [17] [18] [19] [20] . The optical field Px 1 ; y 1 at the eye pupil can be obtained by taking the inverse FT of it, as follows:
The holographic process is realized by a modified Mach-Zehnder interferometer as shown by Fig. 1 . A plane-wave reference interferes with the object field at a small angle to generate an off-axis hologram from which the object field can be reconstructed [16] [17] [18] [19] [20] . The small angle is realized by tilting the beamsplitter BS4 as shown in Fig. 1 . For the phaseaberration measurement, a narrow collimated laser beam of diameter about 2 mm enters the eye through the aberrator and the eye lens, which forms a focused spot on the retina-the so-called guide star. 
Assume the diameter of the round eye pupil is D, and the dimension of zero order of the hologram is twice the dimension of the image or twin order. To recover the optical field at pupil plane, the pupil size D has to satisfy [27]
For instance, if λ 0.633 μm, f 2 200 mm, and Δx 2 4.65 μm as we adopt in the experiment, then the maximum D can be 9.63 mm. In most cases in ocular imaging and microscopy, the size of the pupil will not exceed 8 mm. Hence, off-axis holography is sufficient to recover the optical field in these applications.
Simulations
In the simulation, we use the group 4 elements 2-5 of USAF1951 resolution target to simulate the amplitude of the retina, as shown by Fig. 2(a) . The FOV is 780 μm × 780 μm. A random phase noise ranging from −π to π simulates the phase distribution of the retina, as illustrated by Fig. 2(b) . All the phase profiles throughout this paper are displayed in a blue-white-red colormap that corresponds to −π π. The wavelength of the laser beam is set to be 0.633 μm. As a baseline, the focused image, without the aberrator in place, is given in Fig. 2(c) . The CCD has 1536 × 1536 square pixels with pixel size 3.9 μm. From Eq. (6), the sampling spacing of the spatial frequency along either dimension can be calculated as 0.031 linepairs∕mm. The phase aberration is simulated by the Zernike term 4πZ 2 6 4π15r 6 − 20r 4 6r 2 cos2θ, as shown in Fig. 2(d) . The pupil size is set to be 5 mm in diameter. Figure 2 (e) shows the image distorted by the phase aberration. Taking inverse FT of the distorted image field, the optical field at the pupil plane can be obtained. The phase map of this field at pupil is represented by Fig. 2(f) , which is distorted by the phase aberration. The sampling spacing at the eye pupil is 21.1 μm, according to Eq. (7). In the guide-star process, we set the input beam to be 2 mm in diameter. The measured phase map is shown in Fig. 2(g) . The measurement error is 0.09 wavelengths. Subtracting the measured phase aberration by Fig. 2(g ) from the distorted optical field represented by Fig. 2(f) , the corrected optical field at pupil can be obtained, as shown by Fig. 2(h) . Taking FT of this corrected optical field, the corrected image is achieved, as shown in Fig. 2(i) . The corrected image shows remarkable improvement in resolution. Other simulation samples for various types and strengths of phase aberrations show the FTDHAO is quite robust, especially for fairly severe aberrations.
Experimental Results and Discussion
An He-Ne laser is used as the light source in our experiments. The wavelength is 0.633 μm. The first sample under test is a positive USAF 1951 resolution target with a piece of Teflon tape tightly attached behind. The specular reflection is blocked by the pupil whose size is set to be 5 mm in diameter. A piece of clear broken glass serves as the phase aberrator. A set of image data is shown in Fig. 3 . The FOV on the retinal plane is 573 μm × 430 μm with 1024 × 768 pixels. The hologram with full-field illumination, without the aberrator in place, is shown in Fig. 3(a) . The angular spectrum, i.e., the inverse FT of the hologram, is shown in Fig. 3(b) , with the highlighted elliptical area on the upper right representing the image-order term for extracting the complex optical field at the pupil plane [19, 20] . The filtered angular spectrum of Fig. 3(b) is the complex optical field at the pupil plane. The phase map of this field is shown in Fig. 3(c) . The sampling spacings along horizontal and vertical directions are 26.6 and 35.4 μm, respectively. The number of pixels occupied by the elliptical area is 190 × 140, which corresponds to a circle of diameter 5 mm, the same as the actual pupil size. The reconstructed image that serve as a baseline is shown in Fig. 3(d) . Figure 3(e) shows the full-field hologram with the aberrator in place. The angular spectrum is shown in Fig. 3(f) . The phase map of the distorted optical field at pupil is shown in Fig. 3(g) . Figure 3(h) shows the distorted image where the resolution is totally lost due to the phase aberration.
The guide-star hologram is shown in Fig. 3(i) . The dashed circle represents a spatial spectral filter with 3.7 linepairs∕mm in diameter. The angular spectrum of filtered hologram is shown in Fig. 3(j) . The measured phase aberration is given by Fig. 3(k) . The RMS of phase distortion is 0.49 μm, a rather severe value compared to those expected in the normal population [7] .
Subtracting Figs. 3(k) from 3(g) and taking FT, the corrected image is obtained, as illustrated by Fig. 3(l) , which shows significant improvement in resolution and image quality compared with the distorted image given Fig. 3(h) . The resolution is completely recovered by the FTDHAO correction. A proper spatial spectral filter plays important role in phaseaberration measurement. Because the phase aberration has a certain bandwidth, most information lies in a limited spatial-frequency range. Outside this range, the information bears negligible effect on compensating for the distorted image. Therefore, a proper filter can recover most phase aberration while effectively reducing the noise for scattering samples. To illustrate this argument, a comparison of corrected images is given in Figs. 4(a) When the filter is too large, although almost all the phase aberration can be recovered, the noise is too strong and the corrected image is messed up by the noise, as shown by Fig. 4(d) . When filter size decreases to 7.4 linepairs∕mm, the resolution is recovered while noise still degrades the corrected image quality, as shown in Fig. 4(e) . When the filter size is too small, the phase aberration is lost. Therefore, there is no improvement in the corrected image as shown by Fig. 4(f) . The optimal filter size depends on the aberration and degree of surface roughness of the target. The filter size will tend to decrease as the degree of surface roughness increases. For this specific sample, the optimal filter size is about 3.7 linepairs∕mm.
A second example to be tested is the onion tissue. The experimental results are shown in Fig. 5 . The focused image without aberrator serves as a baseline, as shown in Fig. 5(a) . The distorted image is shown in Fig. 5(b) . A spatial spectral filter of a diameter 7.4 linepairs∕mm is applied to the guide-star hologram. The measured phase aberration from this filtered hologram is given by Fig. 5(c) . The corrected image is shown in Fig. 5(d) and shows significant improvement in resolution and quality compared to the distorted image by Fig. 5(b) .
Conclusions
A novel DHAO imaging system is proposed. The CCD is located at FT plane of the pupil of the eye lens. The PSF can be directly visualized, making it practically easy to determine the correct guide-star hologram. In FTDHAO, numerical propagation is avoided. The limit of the CCD aperture on the resolution is eliminated and the low coherence or even incoherent illumination becomes possible [21] [22] [23] . Although FTDHAO is designed for ophthalmic use, it also shows potential applications in in-depth biomedical microscopy [12, 13] . The basic principles and feasibility of the FTDHAO imaging system are demonstrated by simulations and experimental results. FTDHAO is proved to be more compact, flexible, and efficient compared to the system proposed in [14] .
